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Introduction {#sec001}
============

Parkinson's disease (PD) is one of the most common, age related, neurodegenerative and movement disorders, arising mainly due to severe damage to the nigrostriatal pathway (resulting from the progressive loss of dopaminergic (DAergic) neurons in the substantianigra (SN) and the loss of dopamine (DA) terminals in the striatum (ST)) \[[@pone.0146671.ref001]\]. This leads to four cardinal motor symptoms including resting tremor, rigidity akinesia and postural instability (TRAP) in patients. Very recently only researchers have begun to focus on non- motor symptoms (NMS) of PD that are poorly recognised and inadequately treated by clinicians. In PD, mild lesions of the meso-limbic and meso-cortical pathways and involvement of non-dopaminergic systems (e.g.cholinergic, noradrenergic, serotoninergic) resulted in the appearance of non-motor symptoms such as anhedonia (reduced ability to experience pleasure), apathy, anxiety, panic attacks, social phobias and depression \[[@pone.0146671.ref002]\]. These non-motor symptoms precede the onset of motor symptoms and do not respond to the medication of the PD patients \[[@pone.0146671.ref003]\].

The exact cause of PD is still unknown. Swaab et al. \[[@pone.0146671.ref004]\] have concluded that stress abnormalities are progressive to various neurodegenerative diseases, including Alzheimer's disease, Huntington's disease and PD. Psychological stress is known to cause depression, anxiety and impaired cognition and are theorized to be one of the earliest proposed causes of PD. About 40--50% of all PD cases were reported to have depression \[[@pone.0146671.ref005]\] and it has been suggested that acute or chronic stress might lead to an earlier onset or worsen the motor symptoms of PD \[[@pone.0146671.ref006],[@pone.0146671.ref007],[@pone.0146671.ref008]\]. Moreover, stress along with corticosterone treatment exaggerated motor impairments and accelerated loss of midbrain dopamine producing neurons in 6-OHDA post-lesioned rats \[[@pone.0146671.ref009]\]. Recently Hemmerle et al. demonstrated that chronic stress-induced depression are concurrent, rather than preceding or following neurotoxin-induced neurodegeneration, which exacerbates the behavioural dysfunction and dopaminergic degeneration of nigrostriatal system \[[@pone.0146671.ref010]\].

Chronic Mild Stress (CMS) has been widely used in animals to imitate depressive disorders where the animals display similar patterns of stressful reactions like humans \[[@pone.0146671.ref011]\]. In the CMS paradigm, rodents are exposed to a variety of relatively mild stresses (e.g., isolated housing, disruption of light/dark cycles, and brief periods of food or water deprivation, tilting of home cages intermittently for relatively prolonged periods of time) that results in behavioural deficits and anhedonia, a core symptom of human depression \[[@pone.0146671.ref012]\]. Studies suggest that the pathology of depression in PD could lies outside the nigrostriatal pathway \[[@pone.0146671.ref013]\]. Several brain structures such as the hippocampus, cortex and cerebellum are known to have involvement in stress response and are reported to be affected by chronic exposure to stress \[[@pone.0146671.ref014],[@pone.0146671.ref015],[@pone.0146671.ref016]\].

The present study is aimed to explore the causative, progressive or the combined effect of CMS in pre and/or post CMS exposed MPTP/p treated animals by evaluating motor dysfunctions and non-motor symptoms, the levels of dopamine, serotonin (5-HT) and the expressions of dopaminergic markers in the nigrostriatal (SN and striatum) and non-nigrostriatal (hippocampus, cortex and cerebellum) tissues.

Materials and Methods {#sec002}
=====================

Experimental procedures {#sec003}
-----------------------

### Animals {#sec004}

Healthy adult Male C57BL/6 mice (25--30 g), purchased from the National Institute of Nutrition, Hyderabad, were housed in polypropylene cages with sterile paddy husk and maintained under ambient conditions of temperature and humidity. Food and water were provided ad libitum. All the experimental procedures pertaining to the use of the animals were in accordance with the guidelines of the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), New Delhi, India and approved by Annamalai University Animal Ethical Committee, Annamalai Nagar, Tamil Nadu, India (Reg No. 160/1999/CPCSEA) and the approval number: 893/2012.

Animals were allowed to acclimatise for 1 week prior to CMS exposure and MPTP/p dosing. During the acclimatisation period, mice were individually trained for the behaviour tasks.

### Chemicals {#sec005}

MPTP, probenecid, anti-mouse TH and anti-mouse α-synuclein (Cell Signalling Technology, USA), anti-mouse DAT and anti-mouse VMAT-2 (Santa cruz, Biotechnology, USA) were used in this study. All other chemicals used were of analytical grade.

### Grouping {#sec006}

Mice were randomly divided into six groups (n = 12). The Group I was saline treated control, Group II received MPTP/p (MPTP 25 mg/kg b.w in saline, s.c. and probenecid 250 mg/kg in 0.03 ml DMSO, i.p.) (5 weeks) \[[@pone.0146671.ref017]\], Group III was exposed to CMS (4 weeks). Group IV was exposed to pre-lesioned stress (MPTP/p followed by CMS), Group V was exposed to post lesioned stress (CMS followed by MPTP/p). Group VI was concomitant stress (2 week CMS before and after MPTP/p) ([Fig 1](#pone.0146671.g001){ref-type="fig"}).

![Treatment schedule of the experimental study.](pone.0146671.g001){#pone.0146671.g001}

### CMS Protocol {#sec007}

Mice were subjected to different kinds of stressors such as: cage tilting, damp sawdust, placement in an empty cage, grouped housing, placement in an empty cage with water on the bottom, placement of a foreign object in the cage, inversion of the light/dark cycle, food or water deprivation, lights on for a short period of time during the dark phase and switching cages \[[@pone.0146671.ref018]\]. On average, two of these stressors were applied daily at different times and following a semi-random 4-week schedule ([Table 1](#pone.0146671.t001){ref-type="table"}).

10.1371/journal.pone.0146671.t001

###### The chronic mild stress protocol during the first week of the experiment.

This schedule were followed for another three week.

![](pone.0146671.t001){#pone.0146671.t001g}

  Week 1                                Sunday           Monday           Tuesday         Wednesday        Thursday        Friday          Saturday
  ------------------------------------- ---------------- ---------------- --------------- ---------------- --------------- --------------- ----------------
  Empty cage                                             10.00--13.00 h                                    9.30--12.30 h                   15.00--17.00 h
  Damp sawdust                          9.00--12.00 h                     9.00--12.00 h                                                    
  Cages tilt at 45°                     14.00--17.00 h   14.00--17.00 h                   10.00--13.00 h                   9.00--10.30 h   
  Water deprivation                                                       17.00 h →       9.00 h                                           
  Empty cage with water on the bottom                                                     14.00--16.00 h                                   11.00--13.00 h
  Continuous overnight illumination     17.00 h →        9.00 h                                            17.00 h →       9.00 h          
  Food deprivation                                                                                                         17.00 h →       9.00 h
  Light/dark succession every 15 min                                      23.00 h →       2.00 h                                           

Behavioural assessment {#sec008}
----------------------

### Open field test {#sec009}

The apparatus (W100 cm×D100 cm×H40 cm) is made of wood and resin. The floor of this chamber was divided into 25 cm (5 × 5) squares. The mice were placed into one corner of an open field chamber and their behaviour was observed for 3 min. a). Number of squares explored; only when the animal enters a square with both its forelimb, one count is made. The number of centre squares (central 9 squares) and peripheral (the 16 squares adjacent to the wall) explored by the animal was noted separately. b). Number of grooming; i.e. consisting of licking the fur, washing face or scratching behaviour. c). Number of rearing; i.e. standing on hind limbs and sometimes leaning on the wall with forelegs, sniffing and looking around. The whole study was performed as blind study \[[@pone.0146671.ref019]\].

### Narrow beam walking test {#sec010}

Animals were trained to walk on a narrow flat stationary wooden beam (L100 cm×W1 cm) placed at a height of 100 cm from the floor to reach an enclosed escape platform. The time taken to cross the beam from one end to the other and foot slip errors were also counted as described previously \[[@pone.0146671.ref019]\].

### Sucrose Intake Test {#sec011}

Mice were exposed to two standard drinking bottles, containing 2.5% sucrose and the tap water, for every other night for 1 week. After this preliminary phase, mice were food deprived and exposed to the sucrose solution and water from 6:00 p.m. until 9.00 a.m. in the morning. The intake baseline for the sucrose solution was established, which corresponded to the average of three consecutive measurements. Once a week, mice were given a 15-h exposure to the sucrose solution and tap water in their home cage as described above. The position of the two bottles (right/left) was varied randomly from trial to trial. Sucrose intake was calculated as absolute intake (g) per group.

At the end of the experiment (64^th^ day) after performing behavioural parameters, mice were anesthetized with an intraperitoneal injection of ketamine (75 mg/kg) and xylazine (5 mg/kg), and the brains of control and experimental mice were carefully removed, washed with 0.9% saline. Immediately the brains were dissected and the neurochemicals were estimated. ST, SN, hippocampus, cortex and cerebellum were dissected, immediately frozen on dry ice and stored at -80°C for western blot studies.

Analysis of dopamine and serotonin {#sec012}
----------------------------------

Dopamine and serotonin levels were measured in each supernatant by HPLC with electrochemical detection (Waters, Bangalore, India). Samples were injected using a Rheodyne 7725i injector valve with a 20 μL injection loop. The mobile phase consisting of 7% acetonitrile, 3% methanoland 90% 20 mM citric acid, 10 mM monobasic phosphate sodium, 3.25 mM octanesulfonic acid, 3 mM heptanesulfonic acid, 0.1 mM EDTA, 2 mM KCl, 6 mL/L o-phosphoric acid and 2 mL/L diethylamine (pH 3) was pumped at 0.3 mL min^−1^ with a Gold 118 system (Beckman, Fullerton, CA). Signals were recorded and quantified with a Beckman Gold 118integrator. Amounts of dopamine and serotonin were calculated by comparing peak levels from the supernatant samples with those of externalstandards. Monoamine levels were calculated as nM/mg weight tissue.

Immunohistochemical studies {#sec013}
---------------------------

Serially sectioned SN was fixed in the gelatine coated slides and were deparaffinized in xylene and rehydrated in a graded series of ethanol. Then the slides were boiled in citrate buffer (10 mM, pH 6.0) for 15 min for antigen retrieval. To remove the endogenous peroxidase activity, they were incubated with 0.3% hydrogen peroxide (H~2~O~2~) for 10 min at room temperature. Then the slides were placed in blocking buffer containing 5% bovine serum albumin (BSA) with 0.2% Triton X-100 in 0.01 M PBS (pH 7.2) for 30 min at 37°C. During each and every treatment, the slides were washed at least three times with 0.01 M PBS. Then the sections were incubated for 24 h with primary anti mouse tyrosine hydroxylase (1:500) in 5% BSA, 0.2% Triton X-100 and 0.02% sodium azide in TBS. After washing with BSA in TBS, the sections were incubated in anti-mouse IgG-HRP-conjugated secondary antibody (1:1000) in BSA for one hour. Sections were washed with PBS and exposed to diaminobenzidine until the development of the colour. TH positive neurons in the SN were counted and boundary between the SN and ventral tegmental area was defined withthe aid of the mouse brain atlas \[[@pone.0146671.ref020]\]. The number of TH immunoreactive cells of the SN region by persons who were blind to the treatment. Cell counts were determinedevery sixth section (total 8--10 sections) through SN corresponding to the Bregma 2.92 mm to 3.64 mm from each of the animals, and three animals/group were used for cell counts. All rawcell counts were adjusted with a correction formula for cell sizeand section thickness according to the method of Abercrombie \[[@pone.0146671.ref021]\]. The cell counts werethen averaged for each animal and these averages were usedto calculate a mean ± SD for each treatment group.

Western blotting {#sec014}
----------------

Tissue samples were homogenized in RIPA buffer and centrifuged at 10,000 rpm for 30 min to isolate the supernatant. Protein amount was estimated according to method of Lowry et al. \[[@pone.0146671.ref022]\] and 50μg protein was loaded onto the polyacrylamide gels. Separated proteins were transferred onto PVDF membranes that were incubated overnight in the primary antibody for TH and α-synuclein (1:1,000, Cell Signalling, USA), DAT and VMAT 2 (1:1,000, Santa Cruz, USA) and β-actin (1:1,000, Sigma-Aldrich, USA). Membranes were washed with TBST and incubated with respective secondary antibodies conjugated with Horse reddish peroxidase (1:1,000) for 2 h. Protein bands were visualized by enhanced chemiluminescence method using ECL-kit (GenScript ECL kit, USA).

### Image acquisition and densitometric analysis {#sec015}

In the present study, Total Lab 1.11 software version was used for image acquisition and densitometric analysis of the blots. It interpreted the raw data in three dimensions and the density was calculated as the total volume by forming two dimensions peak. It also contains tool to adjust the precise width of the band to account for the area under the shaded peak of interest. Then the blot intensities were compared their control values, which set as '100'.

Data analysis {#sec016}
-------------

All data were expressed as mean ± Standard Deviation (SD) of number of experiments. The statistical significance was evaluated by one-way analysis of variance (ANOVA) using SPSS version 15.0 (SPSS, Cary, NC, USA) and the individual comparisons were obtained by Duncan's Multiple Range Test (DMRT). A value of *P*\< 0.05 was considered to indicate a significant difference between groups. Values sharing a common alphabet do not differ significantly with each other at *P*\< 0.05.

Results {#sec017}
=======

CMS exposure further enhances MPTP/p induced depletion of dopamine and serotonin {#sec018}
--------------------------------------------------------------------------------

In PD, severe cognitive decline and mood alterations were found even prior to the occurrence of the motor symptoms. The nigrostriatal degeneration is responsible for the occurrence of motor features of PD, while extra-nigral degeneration corroborates to other non-motor symptoms, which are unresponsive to the gold standard drug L-DOPA. So, in order to investigate the initiative, progressive or concomitant role of the stressors on MPTP/p induced neurotoxicity in both nigral and extra-nigral regions, we sought to determine the levels of dopamine in striatum, cortex and hippocampus. HPLC- ECD analysis indicated that the levels of dopamine were high in the cortex and striatum as compared to the hippocampus in control mice. MPTP/p alone treatment and CMS alone exposure to mice significantly decreased dopamine levels in the studied brain regions. Exposure of stress or MPTP/p alone treatment induced less dopamine depletion as compared to pre and/or post stressed MPTP/p mice, which indicated the relationship between stress and pathological processes of PD. Post exposure of stress to MPTP/p treated animals induced more reduction in level of dopamine as compared to pre and pre&post stress exposed MPTP/p group, which also indicated that further neurodegeneration is induced by stress exposure ([Fig 2](#pone.0146671.g002){ref-type="fig"}).

![Effect of stress on the levels of dopamine in control and MPTP/p treated mice.\
The levels of dopamine in striatum, cortex and hippocampus were determined by HPLC- electrochemical method. Values are given as mean ± SD for six mice in each group. Values not sharing common alphabet differed significantly (P\< 0.05) with each other.](pone.0146671.g002){#pone.0146671.g002}

In PD patients, the serotonin levels have been found to be diminished and serotonin enhancing drugs are generally used to treat PD associated depression. In both MPTP/p alone treated and CMS alone exposed mice showed significantly decreased serotonin levels in the striatum, cortex and hippocampus. Similar to dopamine levels, most reduction in the levels of serotonin were observed in the post stress exposed MPTP/p treated animals ([Fig 3](#pone.0146671.g003){ref-type="fig"}). The results of our present study indicated the diminished interaction between these two neurotransmitter systems in both nigral and extra-nigral tissues may contributed to PD-associated motor and non-motor symptoms.

![Impact of stress on the levels of serotonin in control and MPTP/p treated mice.\
The levels of serotonin in nigrostriatal (A) and extra-nigrostriatal (B) were determined by HPLC- electrochemical method. Values are given as mean ± SD for six mice in each group. Values not sharing common alphabet differed significantly (P\< 0.05) with each other.](pone.0146671.g003){#pone.0146671.g003}

CMS further amplifies MPTP/p induced degeneration of TH immunopositive neurons {#sec019}
------------------------------------------------------------------------------

TH immunohistochemistry was performed to assess the survival of dopaminergic neurons in the control and experimental mice ([Fig 4](#pone.0146671.g004){ref-type="fig"}). In control mice, dopamine containing SN neurons were densely stained, whereas MPTP/p treated mice exhibited a marked loss of nigral dopaminergic neurons. Exposure to CMS also resulted in the slight depletion of TH-positive cells as compared to the control group, suggesting stress could damage dopaminergic neurons. Severe reduction of nigral TH immunoreactivity was observed in the chronic MPTP/p injected mice \[[@pone.0146671.ref023]\], whereas exposure to chronic restraint stress, oral treatment with corticosterone and concomitant CMS exposure \[[@pone.0146671.ref009],[@pone.0146671.ref010]\]in rats did not alter the TH immunoreactivity as that of dopaminergic neurotoxin. But these stressors could exaggerate the loss of nigral TH cells in 6-OHDA treated rats, which is in line with our results. In addition to their combined known neurodamaging effects in the nigral tissue, stress and neurotoxin exposure has beenshown to exert theirdeleterious effect in extra-nigral neurons, which is a new finding.

![Effect of stress on immunoreactivity of TH positive cells in control and MPTP/p treated mice.\
Immunoreactivity of TH positive cells (A) in SN and quantified data (B) were shown. Values are given as mean ± SD for three mice in each group. Values not sharing common alphabet differed significantly (P\< 0.05) with each other.](pone.0146671.g004){#pone.0146671.g004}

CMS further depletes MPTP/p reduced TH, DAT and VMAT 2 expressions {#sec020}
------------------------------------------------------------------

TH is the rate limiting enzyme of the dopamine biosynthesis. The transport of dopamine is mediated by two transporters: DAT involved in the uptake of dopamine into neurons and VMAT 2 involved in the transport of monoamines including dopamine from neuronal cytosol into synaptic vesicles. Both of them played vital role in PD and their expressions have been altered in MPTP/p treated animals \[[@pone.0146671.ref024]\]. Till now, no studies showed the link between effects of stressors and expression of these two transporters proteins. Our results showed that TH, DAT and VMAT 2 were prominently expressed in the ST and midbrain of mice (Figs [5](#pone.0146671.g005){ref-type="fig"}, [6](#pone.0146671.g006){ref-type="fig"} and [7](#pone.0146671.g007){ref-type="fig"}), while equal expressions of TH but not DAT and VMAT 2 were found in the cortex, hippocampus and cerebellum (Figs [8](#pone.0146671.g008){ref-type="fig"}, [9](#pone.0146671.g009){ref-type="fig"} and [10](#pone.0146671.g010){ref-type="fig"}). MPTP/p treatment significantly decreased TH, DAT and VMAT 2 expressions in the ST and midbrain, but less significantly hippocampus, cortex and cerebellum of the C57BL/6 mice. Exposure to CMS alone affected TH, DAT and VMAT 2 protein expressions in all the studied brain regions examined with prominent reduction in frontal cortex. Post exposure of stress to PD animals induced more reduction in TH, DAT and VMAT 2 expressions as compared to pre and pre&post stress exposed MPTP/p group, which indicated that the post exposure of stress not only affected the biosynthesis, but also the transport of dopamine.

![Effect of stress on protein expression of TH in striatum and SN of control and -MPTP/p treated mice.\
Protein expression of TH (A) and quantified data (B) by densitometric analysis were shown. Values are expressed as arbitrary units and given as mean ± SD of three animals in each group. Values not sharing common alphabet differed significantly (P\< 0.05) with each other.](pone.0146671.g005){#pone.0146671.g005}

![Impact of stress on protein expression of DAT in striatum and SN of control and -MPTP/p treated mice.\
Protein expression of DAT (A) and quantified data (B) by densitometric analysis were shown. Values are expressed as arbitrary units and given as mean ± SD of three animals in each group. Values not sharing common alphabet differed significantly (P\< 0.05) with each other.](pone.0146671.g006){#pone.0146671.g006}

![Influence of stress on protein expression of VMAT 2 in striatum and SN of control and -MPTP/p treated mice.\
Protein expression of VMAT 2 (A) and quantified data (B) by densitometric analysis were shown. Values are expressed as arbitrary units and given as mean ± SD of three animals in each group. Values not sharing common alphabet differed significantly (P\< 0.05) with each other.](pone.0146671.g007){#pone.0146671.g007}

![Impact of stress on protein expression of TH in cortex, hippocampus and cerebellum of control and -MPTP/p treated mice.\
Protein expression of TH (A) and quantified data (B) by densitometric analysis were shown. Values are expressed as arbitrary units and given as mean ± SD of three animals in each group. Values not sharing common alphabet differed significantly (P\< 0.05) with each other.](pone.0146671.g008){#pone.0146671.g008}

![Influence of stress on protein expression of DAT in cortex, hippocampus and cerebellum of control and MPTP/p treated mice.\
Protein expression of DAT (A) and quantified data (B) by densitometric analysis were shown. Values are expressed as arbitrary units and given as mean ± SD of three animals in each group. Values not sharing common alphabet differed significantly (P\< 0.05) with each other.](pone.0146671.g009){#pone.0146671.g009}

![Effect of stress on protein expression of VMAT 2 in cortex, hippocampus and cerebellum of control and MPTP/p treated mice.\
Protein expression of VMAT 2 (A) and quantified data (B) by densitometric analysis were shown. Values are expressed as arbitrary units and given as mean ± SD of three animals in each group. Values not sharing common alphabet differed significantly (P\< 0.05) with each other.](pone.0146671.g010){#pone.0146671.g010}

CMS further enhances MPTP/p upregulated α-synuclein expression {#sec021}
--------------------------------------------------------------

The protein expression studies of α-synuclein (which plays a vital role in the pathogenesis and progression of PD) were performed in various brain regions of control and experimental mice. Protein expression studies showed the expression of α-synuclein was predominant in all the studied regions of brain (Figs [11](#pone.0146671.g011){ref-type="fig"} and [12](#pone.0146671.g012){ref-type="fig"}). MPTP/p significantly enhanced the α-synuclein expression in the striatum and midbrain, but not in the hippocampus, cortex and cerebellum regions. CMS itself did not influence the expression of α-synuclein in all the studied brain regions, whereas post exposure of CMS exaggerates the expression of α-synuclein in MPTP/p treated mice.

![Effect of stress on protein expression of α-synuclein in striatum and SN of control and MPTP/p treated mice.\
Protein expression of α-synuclein (A) and quantified data (B) by densitometric analysis were shown. Values are expressed as arbitrary units and given as mean ± SD of three animals in each group. Values not sharing common alphabet differed significantly (P\< 0.05) with each other.](pone.0146671.g011){#pone.0146671.g011}

![Effect of stress on protein expression of α-synuclein in cortex, hippocampus and cerebellum of control and MPTP/p treated mice.\
Protein expression of α-synuclein (A) and quantified data (B) by densitometric analysis were shown. Values are expressed as arbitrary units and given as mean ± SD of three animals in each group. Values not sharing common alphabet differed significantly (P\< 0.05) with each other.](pone.0146671.g012){#pone.0146671.g012}

CMS facilitates MPTP/p induced motor impairments and anhedonia {#sec022}
--------------------------------------------------------------

To evaluate the motor disability and depression, various behavioural studies including open field, narrow beam walking and sucrose intake test were performed. Not surprisingly, MPTP/p group exhibited a significant decrease in movement (peripheral and central) and activities (rearing and grooming) in open field test ([Fig 13](#pone.0146671.g013){ref-type="fig"}) and time taken to cross the beam with enhanced foot slip errors showing motor impairments ([Fig 14](#pone.0146671.g014){ref-type="fig"}) and less pleasure to drink sweet water in sucrose intake test showing depression ([Fig 15](#pone.0146671.g015){ref-type="fig"}). Stress exposure similarly decreased the locomotion and activity and anhedonia in the mice. Separate exposure of stress or treatment with MPTP/p did not showsignificant change in motor and non-motor symptoms as compared to pre and/or post stressed MPTP/p mice.As similar to other parameters, we found that post exposure of stress to MPTP/p treated animals, to induce more changes in behaviour as compared to pre and pre&post stress exposed group.

![Effect of stress on open field behavior of control and MPTP/p treated mice.\
The locomotion (peripheral (A) and central (B) movements) and activities (C) (grooming and rearing) were shown. Values are given as mean ± SD for six mice in each group. Values not sharing common alphabet differed significantly (P\< 0.05) with each other.](pone.0146671.g013){#pone.0146671.g013}

![Effect of stress on narrow beam walking test of control and MPTP/p treated mice.\
Time taken to cross the wooden beam (A) and number of foot slip errors (B) in narrow beam walking test were shown. Values are given as mean ± SD for six mice in each group. Values not sharing common alphabet differed significantly (P\< 0.05) with each other.](pone.0146671.g014){#pone.0146671.g014}

![Effect of stress on sucrose intake levels in control and MPTP/p treated mice.\
The level of sucrose intake was shown. Values are given as mean ± SD for six mice in each group. Values not sharing common alphabet differed significantly (P\< 0.05) with each other.](pone.0146671.g015){#pone.0146671.g015}

Discussion {#sec023}
==========

Previous studies indicated that the MPTP/p injection caused severe motor deficits, depletion of dopamine, loss of TH positive cells and reduced DAT and VMAT 2 expressions and enhanced α-synuclein expression in striatum and substantia nigra but not much severely in extra-nigral tissues. In addition, other studies reported that the stress exposure enhanced anhedonia and depletion of serotonin in extra-nigral tissues as compared to substantia nigra and striatum. Few experiments also indicated that the exposure of stress to 6-OHDA infused animals boost up the motor symptoms, dopamine depletion and loss of dopaminergic neurons. But none of the studies deals with the role of stressors on the non-motor symptoms, levels of monoamine, expression of dopaminergic markers and α-synuclein in extra-nigral tissues. Here we confirmed that post exposure of stress to MPTP/p treated mice worsened motor and non-motor symptoms by further augmenting monoamine depletion, degeneration of TH cells, decreased expression of DAT and VMAT 2 and increased expression of α-synuclein in both nigral and extra-nigral tissues.

Depression is considered as the most common non-motor symptom encountered by PD patients \[[@pone.0146671.ref025]\]. The etiology of depression in PD is complex, which may result from reduced brain levels of serotonin that is related with the central dopaminergic deficiency associated with PD motor symptoms \[[@pone.0146671.ref026],[@pone.0146671.ref027]\]. Reduction in the levels of brain monoamines (dopamine and serotonin) in MPTP \[[@pone.0146671.ref028]\] and CMS \[[@pone.0146671.ref029]\] exposed mice were reported. Luchtman et al. \[[@pone.0146671.ref030],[@pone.0146671.ref031]\] reported the differences in region specific depletion of dopamine in striatum, frontal cortex, midbrain, hippocampus and cortex in the chronic MPTP/p treated animals. Exposure to CMS also decreased the levels of dopamine and its metabolites in the striatum and cortex indicating an increased conversion of dopamine to its metabolites \[[@pone.0146671.ref032]\]. However, pre and/or post stress exposed MPTP/p treated mice showed a significant reduction in dopamine levels of all studied regions of brain as compared to PD or stress alone exposed mice. This indicates the relationship between PD and stress induced depression. Post exposure of stress to MPTP/p treated animals induced more reduction in dopamine levels as compared to pre and pre&post stress exposed MPTP/p group. Few unaffected dopaminergic neurons continue to synthesize and release dopamine after 6-OHDA lesion and this response become inadequate under chronic stress \[[@pone.0146671.ref033],[@pone.0146671.ref034]\], which further support our present results and hypothesis.

Studies have shown that serotonin neurons modulate dopamine function in all of the major dopamine pathways through a variety ofserotonin receptor subtypes that are differentially localized in dopamine-rich brain regions \[[@pone.0146671.ref035]\]. In our study, chronic administration of MPTP/p was associated with enhanced loss of serotonin in cortex and striatum as compared to other studied areas of brain. The central serotonergic system originates in the raphe nuclei and projects predominantly to cortical areas and the striatum \[[@pone.0146671.ref036]\]. PD is not only characterized by striatal dopaminergic terminal loss but also by serotonergic degeneration \[[@pone.0146671.ref037],[@pone.0146671.ref038]\]. Vriend et al. \[[@pone.0146671.ref039]\] suggested that depression in PD arise mainly due to the hypo-dopaminergic state in the striatum. This may result in a lower stimulation of cortical brain areas that are associated with motivation and reward processing.

In our study, CMS appears to impair the serotonergic neurotransmission within the cortex and hippocampus as compared to other regions. Hippocampus, a key target of stress hormones, is predominantly connected with the prefrontal cortex, a region highly sensitive to environmental stimulation stress \[[@pone.0146671.ref040]\]. PD patients with depression symptoms have decreased cerebrospinal fluid concentrations of 5-hydroxyindol acetic acid, a serotonin metabolite, and reduced cortical 5-HT 1A receptor binding compared with PD patients not having depressive symptoms. On the one hand there are groups stating that serotonin exerts an inhibitory effect on striatal dopamine \[[@pone.0146671.ref041],[@pone.0146671.ref042],[@pone.0146671.ref043]\] and the reduced serotonin levels are often associated with a risk for depression \[[@pone.0146671.ref044]\]. On the other hand there are groups that have presented data stating that serotonin actually facilitates dopamine outflow \[[@pone.0146671.ref045],[@pone.0146671.ref046]\]. This hypothesis considers a serotonin-induced dopamine release in the nucleus accumbens which is down-regulated by serotonin 2C receptors \[[@pone.0146671.ref047]\]. As a result, reductions in the serotonin content or increases in the serotonin 2C receptors inhibitory activity might be associated to the decline in dopaminergic neurotransmission in PD patients and subsequent worsening of mood symptoms. As like dopamine, pre and/or post stress exposed MPTP/p treated mice showed a significant reduction in serotonin levels of all studied regions of brain as compared to PD or stress alone exposed mice. Post exposure of stress to MPTP/p treated animals induced more reduction in serotonin levels as compared to pre and pre&post stress exposed MPTP/p group.

Apart from dopamine, specific markers for PD such as TH, DAT and VMAT 2 \[[@pone.0146671.ref048],[@pone.0146671.ref049]\], are involved in the biosynthesis and transport of dopamine. Chronic MPTP/p injection could induce a massive loss of dopaminergic neurons mainly in the SN as compared to a moderate loss in ventral tegmental area (VTA) \[[@pone.0146671.ref050]\]. Severe diminished expressions of these markers in striatum and SN \[[@pone.0146671.ref024]\] of chronic MPTP/p injected animals of the present study may result from the rapid death ofnigraldopaminergic neurons following the exposure to MPP^+^ \[[@pone.0146671.ref023],[@pone.0146671.ref051]\]. Moderate decrease in the expression of dopaminergic markers in cortex, hippocampus and cerebellum of MPTP/p injected mice might be due to the moderate dopamine cell loss in VTA \[[@pone.0146671.ref052],[@pone.0146671.ref053]\]. Rasheed et al. \[[@pone.0146671.ref054]\] reported that down regulation of TH expression occurs during CMS exposure in various brain regions, which is also consistent with our study. The reduced dopamine levels during CMS exposure may reduce the DAT expression slightly \[[@pone.0146671.ref055]\]. The chronic stress decreased density of VMAT 2 and may result in preferential monoamine accumulation in the cytoplasm as a consequence of reduced vesicular storage capability \[[@pone.0146671.ref056]\]. In post-mortem studies, a decrease in dopamine neurons in the VTA was detected in depressed PD patients \[[@pone.0146671.ref057]\]. Pre and/or post stress exposed MPTP/p treated mice showed significant reduction in the expressions of TH, DAT and VMAT 2 as compared to PD or stress alone exposed mice indicated that the stress is responsible for further disruption of dopaminergic neurons associated with PD.

A histological hallmark of PD is the presence of fibrillar aggregates called Lewy bodies (LBs), in which α-synuclein is a major constituent. α -synuclein counter-act a toxic injury and its expression could affect specific stress signalling pathways linked to neuronal survival \[[@pone.0146671.ref058]\]. Significant enhanced expression of α-synuclein found in striatum and SN of MPTP/p treated mice can confer protection against MPTP-induced neurodegeneration. Its expression is enhanced less significantly in other regions of brain including hippocampus; cortex and cerebellum may be due to moderate cell loss in VTA. Lewy body deposition in brainstem areas implicated in depression, including the serotoninergic raphe nuclei and the noradrenergic locus coeruleus \[[@pone.0146671.ref059],[@pone.0146671.ref060]\], can precede basal midbrain involvement in PD \[[@pone.0146671.ref061]\]. This may explain theoccurrence of depression and anxiety in PD during the premotor phase \[[@pone.0146671.ref062]\]. However exposure to CMS did not alter the expressions of α-synuclein in all the above studied brain regions, which clearly indicates the difference in pathogenesis of major depression compared to PD with depressive symptoms.

Open field test is normally used to assess locomotor, exploratory and anxiety-like behaviour in experimental rodents (rats/mice). Reduced performance of MPTP/p animals in crossing peripheral and central squares and activities (grooming and rearing) may be due to reduced dopaminergic loss in SN \[[@pone.0146671.ref063]\]. In the open field test, CMS mice exhibited decreased acclimatization and exploratory behaviour with enhanced grooming and rearing activities. Decreased mobility and enhanced grooming activity depicts a higher level of anxiety \[[@pone.0146671.ref064]\]. Moreover decreased motor activity as a consequence of severe stress has been widely reported, as indicator for 'depressive-like' behaviour \[[@pone.0146671.ref065]\]. Exposure of pre or/and post stress to MPTP/p animals showed more reduction in movement and enhancement in grooming activities, indicated more dopaminergic loss and anxiety in these animals as compared to MPTP/p or stress alone exposed animals.

The narrow beam walking test was used to test the balance, vestibular integrity and muscular co-ordination \[[@pone.0146671.ref063],[@pone.0146671.ref066]\]. In narrow beam walking, the MPTP animals showed more deficits in crossing time with enhanced foot slip errors as compared to stress alone exposed animals. Exposure of pre or/and post stress to MPTP/p animals showed more time taken to cross the beam with more slip error indicated more dopaminergic loss in these animals as compared to MPTP/p or stress alone exposed animals.

Sucrose intake test is used to measure anhedonia, a decreased ability to experience pleasure, is a core symptom of human depression \[[@pone.0146671.ref067]\]. However, in this study, chronic MPTP/p injection did not induce anhedonia. CMS and pre or/and post CMS exposure to MPTP/p mice depressed the consumption and preference for, palatable, sweet solutions as indicated by Willner et al. \[[@pone.0146671.ref018]\]. DA neuronal functioning is fundamental in sub serving reward processes \[[@pone.0146671.ref068]\], although other neurotransmitters (e.g. serotonin) like wise contribute in this respect \[[@pone.0146671.ref069]\]. Response for rewarding can be elicited from a number of dopamine rich areas, as well as regions containing fibers of passage. Specifically, dopamine activity is altered within the cortex and nucleus accumbens, but nigrostriatal dopamine functioning seems less affected by stressors \[[@pone.0146671.ref070],[@pone.0146671.ref071]\].

The present study demonstrates that chronic stress exposure following neurotoxin-induced neurodegeneration exacerbates the behavioural dysfunction and degeneration of the nigrostriatal/non-nigrostriatal dopaminergic systems rather than concurrent with or preceding ones. Depression in PD is not merely considered as secondary to the psychological stress of a chronic disease itself and associated disability but it could be a result from neuroanatomical changes that occurred due to neurodegeneration \[[@pone.0146671.ref072]\]. Our study clearly indicated that the anhedonia is mainly occurred due to the loss of monoamines and its related markers. Results of the present study indicate that the stress accelerated pathological changes in PD and suggests a new therapeutic path for using drugs that treat mood and motor aspects of this disorder during the course of the disease.
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